Most human cancers show chromosomal instability (CIN), but the precise mechanisms remain uncertain. Annexin A2 is frequently overexpressed in human cancers, and its relationship to tumorigenesis is poorly understood. We found that annexin A2 is overexpressed in the nuclei of CIN cells compared with cells with microsatellite instability (MIN). Ectopic annexin A2 expression in MIN cells results in a high level of aneuploidy and induces lagging chromosomes; suppression of annexin A2 in CIN cells reduces such CIN signatures with apoptosis of highly aneuploid cells. Ectopic expression of annexin A2 in MIN cells reduces the expression of centromere proteins. Conversely, annexin A2-knockdown in CIN cells increases the expression of centromere proteins. Moreover, the endogenous expression levels of centromere proteins in CIN cells were greatly reduced compared with MIN cell lines. The reduced expression of centromere proteins likely occurred due to aberrant centromere localization of coilin, a major component of the Cajal bodies. These results suggest that nuclear accumulation of annexin A2 has a crucial role in CIN by disrupting centromere function.
INTRODUCTION
Aneuploidy resulting from chromosomal instability (CIN) is a hallmark of human cancer. CIN is characterized by gains or losses of whole or large portions of chromosomes caused by continuous chromosome missegregation during mitosis. Another form of genetic instability, known as microsatellite instability (MIN), is characterized by mutation rates hundreds of fold higher than those of normal cells. 1, 2 The malfunction of a number of potential mitotic targets that may cause CIN has been identified, including overexpression or mutational inactivation of genes that regulate chromosome cohesion, [3] [4] [5] [6] mutation of the spindle assembly checkpoint, 7, 8 amplification of genes required for centrosome maturation [9] [10] [11] [12] and mutational inactivation or aberrant expression of genes that regulate kinetochore-microtubule attachment dynamics. [13] [14] [15] [16] [17] [18] [19] [20] We have recently reported that decreased expression of the nuclear membrane protein lamin B2 is involved in CIN. 21 However, alternative mechanisms of CIN remain to be uncovered.
Annexins are a family of cytosolic proteins that bind to membranes and are involved in a number of membrane-related processes. 22 Annexin A2 is also known to have a role in DNA synthesis and cell proliferation. 23, 24 Moreover, annexin A2 is strongly expressed in several cancers, [25] [26] [27] although the precise mechanism through which overexpression contributes to tumorigenesis is poorly understood.
In this study, we performed a proteomic search to identify the factors involved in CIN by comparing the nuclear protein expression profiles of CIN and MIN colorectal cancer cell lines, and found that annexin A2 is significantly overexpressed in the nuclei of CIN cells. The involvement of annexin A2 in CIN was verified by the examination of chromosomal states upon ectopic expression of annexin A2 in diploid MIN cells or reduced expression of annexin A2 in CIN cells. Most strikingly, we showed evidence that reduced expression of core centromere proteins (CENPs), through aberrant centromere localization of coilin, is involved in CIN.
RESULTS

Proteomic analysis of differentially expressed nuclear proteins between CIN and MIN colorectal cancer cells
To improve the sensitivity and dynamic range of conventional two-dimensional (2D) gels, we used the agarose 2D-DIGE method to compare the protein expression profiles of CIN and MIN cell lines. On the basis of a previous study, colorectal cancer cell lines can be clearly segregated into two groups. 1 CIN cell lines show a dramatic variation in chromosome content among cells expanded through 20-30 generations, with the average difference from the modal chromosome number exceeding 20%; MIN cell lines, however, show minimal variation in chromosome content, with the average difference from the modal chromosome number being less than 8%. 1, 28 Thus, we used HT29, SW480, SW837 and CaCO2 as CIN cell lines, and HCT116, RKO, DLD1 and SW48 as MIN cell lines. CIN reflects defects in mitotic processes, such as chromosome condensation, sister-chromatid cohesion, kinetochore structure and function, centrosome/microtubule formation and dynamics, as well as checkpoints. The factors responsible for these processes localize primarily in the nucleus; therefore, we decided to analyze nuclear proteins in CIN and MIN cell lines.
Nuclei were isolated and nuclear proteins were extracted from each cell line. The nuclear extracts of each cell line were labeled with Cy5 for CIN cells and Cy3 for MIN cells. An internal standard, created by pooling aliquots of all samples, was labeled with Cy2. Next, 50-μg aliquots of each labeled protein sample were mixed and separated using agarose 2D-DIGE. To identify the differentially expressed nuclear proteins across the two groups of cell lines, four pair-wise comparisons were carried out between the representative CIN and MIN cell lines and then statistical analysis was performed across the four pairs.
Protein spots from CIN nuclei that showed increased or decreased expression were displayed as red or green, respectively (Figure 1a ). The fluorescence volume of these spots was quantified using DeCyder imaging analysis software. Spots demonstrating a 1.5-fold increase or 1.5-fold decrease with a P-value ⩽ 0.05 were considered as having undergone a significant change in expression. We found that the expression of 42 proteins had increased and that of 64 proteins had decreased in CIN nuclei when compared with MIN nuclei. To identify the proteins, 500 μg of nonlabeled nuclear extract was separated by conventional agarose 2-DE, and proteins were visualized by Coomassie blue staining. We carefully compared the DIGE image with Coomassie blue-stained gels and picked 27 visible protein spots manually. Using mass spectrometry, a total of 15 proteins were identified (Figure 1 , Supplementary Table S2 ). Annexin A2 shows increased expression in several types of cancer, and correlation of ANXA2 expression with tumor progression, recurrence and prognosis has also been reported, 27 although the precise mechanism of involvement of annexin A2 in tumorigenesis remains to be elucidated. Thus, we focused on annexin A2 for further investigation.
The amount of annexin A2 was elevated in the nuclei of CIN cells vs MIN cells Western blot analyses were performed to validate the differential expression of several proteins. The purity of nuclear extracts was confirmed by western blot analysis of the nuclear marker protein lamin A/C and the cytosolic protein GAPDH (Figure 1b , upper). Annexin A2 protein levels were higher in the nuclei of CIN cells as compared with MIN cells (Figure 1b , upper, Supplementary Figure S1a ). In contrast, there were no differences in annexin A2 protein levels in CIN-and MIN-cell whole cell extracts (Figure 1b , lower).
Since annexin A2 contains an NES sequence and is actively transported to the cytoplasm, 29 the amount of nuclear annexin A2 is very low. The minute nuclear annexin A2 protein level was verified by western blotting using the same amounts of whole cell extracts and nuclear extracts loaded side by side (Supplementary Figure S1b ). Note that 25% of the nuclear extract as compared with the blot shown in Figure 1b was loaded; consequently, no bands can be visualized.
Immunostaining showed that annexin A2 localizes uniformly in CIN cells, whereas it mainly localizes in the cytoplasm of MIN cells (Figures 2a and c) . To clearly verify the difference in the amount of nuclear annexin A2 between CIN and MIN cells, immunostaining of annexin A2 was performed using the nuclear export inhibitor leptomycin B. The localization of annexin A2 clearly shifted from the cytoplasm to the nucleus by leptomycin B treatment ( Figure 2b ), and the nuclear intensity of annexin A2 staining in leptomycin B-treated CIN cells was markedly higher than in MIN cells (Figures 2b and c) . Thus, a small proportion of annexin A2 localizes to the nucleus, and nuclear localization is more pronounced in CIN cells than in MIN cells, but it is actively exported to the cytoplasm.
Ectopic nuclear expression of annexin A2 induces aneuploidy
The above observations raised the question of whether overexpression of annexin A2 in the nucleus induces the CIN phenotype. To answer this question, annexin A2-FLAG was transiently introduced into the MIN cell lines RKO and HCT116, followed by fluorescence in situ hybridization (FISH) analysis with CEP7, 8, 10, 12, 15 and 17 centromere probes, and immunostaining using anti-FLAG antibody. The expression level of FLAGtagged annexin A2 was comparable with that of endogenous annexin A2 (Figure 3a ). FISH analysis of the annexin A2-FLAG expressed in HCT116 and RKO cells at 72 h after transfection showed that many cells overexpressing annexin A2 have abnormal chromosome numbers ( Figure 3b ). The number of centromeric signals for chromosomes 7, 8, 10, 12, 15 and 17 were counted in at least 250 cells, and we found that 40-60% of Figure S1 . (b) Western blot analysis of nuclear and whole cell extracts from CIN and MIN cells. Annexin A2 protein levels in the nuclei and whole cells were examined by western blotting using an anti-annexin A2 antibody. The purity of nuclear extracts and the equality of loading in each lane were confirmed by western blotting with anti-lamin A/C and -GAPDH antibodies. Nuclear (20 μg) and whole cell extracts (5 μg) were loaded and separated by electrophoresis on 10-20% gradient gels. Anti-annexin A2 antibody diluted 1:1000, anti-lamin A/C antibody diluted 1:250, anti-GAPDH antibody diluted 1:100 000 were used as primary antibodies. Rabbit antimouse IgG HRP diluted 1:1000, donkey anti-rabbit IgG HRP diluted 1:3000 in blocking buffer were used as secondary antibodies. Antigens on the membrane were detected by enhanced chemiluminescence detection reagents (see Materials and methods). The amount of annexin A2 protein was significantly higher in the nuclei of CIN cells, whereas there were no differences in the annexin A2 protein levels in CIN-and MIN-cell whole cell extracts. The additional annexin A2 band in DLD1 cells probably corresponds to an isoform of annexin A2.
annexin A2-FLAG transfected RKO cells showed aneuploidy, as compared with about 5-15% of FLAG-only transfected control cells ( Figure 3c ). Aneuploid cells were also significantly increased in annexin A2-FLAG transfected HCT116 cells as compared with control cells (Supplementary Figure S2a) . Moreover, the induction of aneuploidy was observed by overexpression of non-tagged annexin A2 (Supplementary Figure S2b ), which indicates that FLAG-tagged annexin A2 is functional and supports our hypothesis that annexin A2 overexpression induces aneuploidy.
Transient ectopic nuclear expression of annexin A2 induces CIN
The term CIN refers to the accelerated rate of whole chromosomal gain and loss, but the term is often used in a more general sense to show a high level of aneuploidy with complex karyotypes. 2, 30 Recently, the accelerated rate of aneuploidy was clearly shown by 'CIN analysis', which is the quantification of the modal chromosome number and the percentage of cells deviating from that mode in individual colonies grown from a single cell, either untreated or forced to recover from nocodazole-or monastrol-induced mitotic delay for one or more consecutive days. 28 In this analysis, both MIN cells and CIN cells increase aneuploid cells immediately after nocodazole or monastrol treatment. However, the number of aneuploidy cells declines to basal level upon growth without further treatment in MIN cells, whereas aneuploidy persists in CIN cells, which acquired an ability to grow efficiently with nondiploid karyotypes. This persistence of aneuploidy after induction of chromosome missegregation is necessary for the CIN phenotype. Thus, we investigated if transiently overexpressed annexin A2 cells could maintain Nuclear annexin A2 accumulation causes CIN T Kazami et al aneuploidy. We plated annexin A2-overexpressed cells at low density, grew them for 7 days until the cells formed individual colonies, and analyzed the chromosome number by FISH using CEP8, 10, 12 and 15 centromere probes. Examples of aneuploid cells grown for 3 and 7 days are shown in Figure 3d . As expected, annexin A2-overexpressed cells showed a high percentage of aneuploid cells even after 7 days in RKO ( Figure 3e ) and HCT116 cells (Supplementary Figure S2c ), consisting of various chromosome numbers from one to more than six as compared with control cells (Figure 3f (CEP12); Supplementary Figure S2d (CEP15)). Furthermore, ectopic expression of annexin A2 markedly increased lagging chromosomes either 72 h or 7 days after transfection (Figure 3g ), possibly due to merotelic microtubulechromosome attachment, a leading cause of CIN. Note that aneuploidy and chromosome missegregation persists at least for 7 days when annexin A2 localizes mainly in cytoplasm ( Figure 3d ). These results suggest that transient ectopic nuclear expression of annexin A2 maintains aneuploidy and chromosome missegregation and also enables cells to grow efficiently with nondiploid karyotypes, which is a unique feature of CIN.
Knockdown of annexin A2 in CIN cells suppresses the CIN signature and induces apoptosis of highly aneuploid cells
If overexpression of annexin A2 is a critical step in the development of CIN, suppression of annexin A2 expression in CIN cell lines should repress the CIN phenotype. An example of suppression of CIN has previously been shown by overexpression of the kinesin-13 microtubule depolymerases MCAK and Kif2b by reducing kinetochore-microtubule attachment hyperstability that causes merotelic microtubule attachment. 17 Overexpression of each kinesin significantly suppresses the incidence of lagging chromosomes, chromosome missegregation rates and deviation from the modal chromosome number in CIN cell lines, and restores faithful chromosome segregation to cancer cells that otherwise shows CIN. As intercellular heterogeneity with respect to the chromosome copy number is a typical characteristic of CIN cell lines, 1, 28 we examined whether suppression of annexin A2 expression reduces chromosome number heterogeneity. CaCO2 cells were transfected with two different annexin A2 small interfering RNAs (siRNA-1, -2) or control siRNA, and chromosome numbers of single-cell colonies as described in the legend of Figure 3d were analyzed by FISH with CEP10 and CEP17 probes 7 days after transfection. Annexin A2 expression was greatly suppressed by the siRNAs (Figure 4a ). As shown in Figure S3b ).
To investigate the mechanism of decreased high aneuploidy, we examined if suppression of annexin A2 reduces the missegregation rate of the chromosomes. To do this, the frequency of lagging chromosomes was examined in annexin A2-knockdown CIN cells. CaCO2 cells were transfected with annexin A2 siRNAs, and the number of lagging chromosomes was counted in at least 250 anaphase cells 72 h after transfection. As expected, reduced expression of annexin A2 in CaCO2 cells with siRNAs decreased the frequency of lagging chromosomes from 48.0 to 21.4% (Figure 4d ).
Suppression of highly aneuploid cells might be also caused by apoptosis of the aneuploid cells. Thus, we tested if suppression of annexin A2 induces apoptosis of severely aneuploid cells. We examined the expression of two apoptotic markers, cleaved caspase 3 and cleaved PARP, in annexin A2-knockdown CaCO2 cells. Forty-eight hours after transfection of annexin A2 siRNAs, the expression of cleaved caspase 3 and of cleaved PARP greatly increased (Figure 4e ). These observations suggested that annexin A2 overexpression increases CIN cell tolerance to chromosome gain. Thus, when annexin A2 is knocked down in CIN cells, cells that gain extra chromosomes may be eliminated via apoptosis, whereas cells losing chromosomes may survive. Decreased frequency of lagging chromosomes by annexin A2-knockdown might also contribute to the suppression of CIN signatures.
Nuclear annexin A2 interacts with coilin, a major component of Cajal bodies
To investigate how excess annexin A2 in the nucleus contributes to mitotic defects leading to CIN, we searched for proteins that interact with annexin A2 in the nucleus. RKO and HCT116 MIN cell lines that stably express annexin A2-FLAG were treated with leptomycin B, and nuclear extracts were prepared and immunoprecipitated with magnetic beads coupled with anti-FLAG antibody. Immunoprecipitated proteins were separated by SDS-polyacrylamide gel electrophoresis and comprehensively identified using mass spectrometry ( Supplementary Table S3 ). Among the proteins we identified, coilin has recently been reported to be involved in a cell response triggered by centromere structure instability and mitotic defects. 31 Coilin is a major component of Cajal bodies (CBs), 32 and recent studies have shown that when cells are infected with herpes simplex virus type 1, CBs disassemble and coilin accumulates at the damaged centromere to interact with centromeric DNA. 31 Thus, we sought to determine whether annexin A2 overexpression affects the function of coilin, CBs and centromeres.
Ectopic expression of annexin A2 in MIN cells induces scattering and colocalization of coilin with centromeres, whereas annexin A2-knockdown in CIN cells converges scattered coilin First, the interaction between annexin A2 and coilin was confirmed by immunoprecipitation of annexin A2-FLAG, followed by western blotting using an anti-coilin antibody (Supplementary Figure S4a ). Next, we investigated the localization of coilin upon ectopic expression of annexin A2. HCT116 cells were transiently transfected with annexin A2-FLAG, and coilin was immunostained with a specific antibody 72 h after transfection (Figure 5a ). Annexin A2-expressing cells were verified by immunostaining using an anti-FLAG antibody (Figure 5a ). The percentage of HCT116 cells that overexpressed annexin A2-FLAG was 79.3-96.5%. Strikingly, scattered coilin staining was observed in the nuclei of annexin A2-FLAG-overexpressed HCT116 and DLD1 cells (Figure 5a, Supplementary Figure S4b ), which contrasts markedly to the several large stained foci observed in the control cells. The frequency of cells containing ⩾ 6 foci significantly increased in annexin A2-FLAG-overexpressed cells as compared with control cells (Figure 5b ). This indicates that overexpression of annexin A2 induces the disassembly of CB.
To examine if CIN cells that naturally accumulate annexin A2 in the nucleus show the same pattern of scattered coilin as in annexin A2-overexpressed MIN cells, we performed immunostaining of coilin in CaCO2 and SW480 cells. As expected, scattered coilin was observed in these cells (Figure 5a , Supplementary Figure S4b ). Intriguingly, when the expression of annexin A2 in CaCO2 and SW480 cells was suppressed by siRNA, scattered coilin converged and several large foci were observed, as seen in MIN cells (Figure 5c, Supplementary Figure S4b ). The frequency of cells containing ⩾ 6 foci was significantly lower in siRNA-treated cells as compared with control cells (Figure 5d , Supplementary Figure S4c ). Figure 5 . For caption please see next page.
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We then tested whether the disassembled CB localize to the centromere. Immunostaining of annexin A2-FLAG-overexpressed HCT116 cells with anti-coilin and anti-centromere antibodies showed that coilin partially colocalizes with the centromere in annexin-FLAG-overexpressed cells either in interphase or metaphase (Figure 5e, Supplementary Figure S5 ). We quantified the degree of colocalization between coilin and centromeres both in control and transfected cells using confocal microscopy and colocalization software. Coilin showed higher values of the Pearson's correlation coefficient with centromeres (0.36 ± 0.10) in annexin A2-overexpressed HCT116 cells, as well as CaCO2 cells as compared with HCT116 cells both in interphase and metaphase (Figures 5f and h) . Colocalization of coilin with centromeres in annexin A2-overexpressed MIN cells and control CIN cells was also observed in several stages of mitosis during prophase and metaphase, whereas coilin localized uniformly, but not in the chromatin region, in the cells during anaphase/telophase (Supplementary Figure S5) . Conversely, when annexin A2 was knocked down in CaCO2 cells, scattered coilin returned to the several large stained foci as seen in MIN cells (Figure 5g ), and the high Pearson's correlation coefficient between coilin and centromeres decreased (Figure 5h ). This colocalization pattern in annexin A2-overexpressed MIN cells and control CIN cells resembles the coilin distribution at the centromere upon herpes simplex virus type 1 infection, 31 and is suggestive of aberrant centromere function induced by annexin A2 overexpression.
Ectopic expression of annexin A2 in MIN cells significantly reduces expression of CENPs, which is due to aberrant localization of coilin
To test whether annexin A2 overexpression interferes with centromere function, several CENPs were examined by immunostaining with specific antibodies. CENP-A and C are the wellconserved core CENPs responsible for proper chromosome segregation, and their reduced expression has been shown to cause chromosome missegregation in vitro and in vivo. [33] [34] [35] Thus, we examined the levels of CENP-A and C in annexin A2-FLAGoverexpressed cells. Intriguingly, dot signals for CENP-A and -C were significantly reduced in the annexin A2-overexpressed HCT116 cells both in interphase and mitosis, and the intensity of
CENP-A and -C staining in annexin A2-overexpressed HCT116 cells was markedly lower than in control cells (Figures 6a-c; Supplementary Figures S6a-c).
To determine if scattered coilin is required for reduced expression of CENP-A and -C by annexin A2 overexpression, coilin was depleted by siRNA in annexin A2-overexpressed HCT116 cells. As expected, dot signals and their intensities for CENP-A and -C were restored in these cells (Figures 6a and b ; Supplementary   Figures S6a and c) . These results suggest that enhanced annexin A2 localization in the nucleus interferes with proper centromeric protein assembly by recruiting coilin to the centromere and/or mitotic chromosome.
To further investigate if this reduced staining of CENP-A and -C is because of reduced levels of centromeric proteins or displacement of these proteins from the centromere, we performed western blotting of nuclear cell extracts obtained from annexin A2-FLAG-overexpressed MIN cells. Both CENP-A and -C expression were decreased in the annexin A2-overexpressed cells (Figures 6d  and e ). We also tested if the reduced expression level of CENPs in the cells overexpressing annexin A2 can be restored by knockdown of coilin. As anticipated, CENP-C and CENP-A levels were partially restored in cells overexpressing annexin A2 in a coilin knockdown background (Figures 6d and e ).
To examine whether the decrease of CENP-A and -C occurred at the mRNA level, a set of primers that specifically amplifies CENP-A and -C were designed, and real-time quantitative RT-PCR was carried out using total RNA extracted from annexin A2overexpressed and control cells. The CENP-A and -C mRNA levels did not differ between the annexin A2-overexpressed cells and control cells ( Supplementary Figures S6d and e ). These results suggest that nuclear annexin A2 accumulation causes CIN by coilin-mediated reduced CENP expression.
Next, to investigate whether the reduced expression of CENP-A and CENP-C was because of their degradation, we examined the expression level of CENPs in the cells overexpressing annexin A2 with and without the proteasomal inhibitor MG132. Strikingly, CENP-C and CENP-A levels were restored in cells overexpressing annexin A2 with MG132 treatment (Figures 6f and g) . These results suggest that coilin might recruit an E3 ubiquitin ligase to the centromeres to induce proteasomal degradation of CENPs.
Annexin A2-knockdown in CIN cells increases the expression of CENPs and the endogenous expression levels of CENPs in CIN cells are greatly reduced compared with MIN cell lines
To test how the suppression of annexin A2 exerts influence on CENPs, CIN cells were treated with annexin A2 siRNAs, and centromere proteins CENP-A and CENP-C were immunostained. Control CaCO2 cells showed faint signals in the nucleus; however, siRNA-treated CaCO2 cells showed clear, strong signals both in interphase and mitosis, and the intensity of CENP-A and -C staining in siRNA-treated cells was markedly higher than in control siRNA-treated cells (Figures 7a-c ; Supplementary  Figures S7a and b) .
To examine the expression levels of CENPs, western blotting of CENP-A and -C was performed using nuclear extracts of annexin Figure 6 . Expression of centromere proteins is reduced by annexin A2 overexpression but restored by repression of coilin. (a) Immunostaining of centromere protein C (CENP-C) in annexin A2-overexpressed MIN cells. Annexin A2-FLAG was transfected with or without coilin siRNA into HCT116 cells, and CENP-C and annexin A2 were immunostained with CENP-C and FLAG antibodies after 72 h in control (upper panels), annexin A2-overexpressed (middle panels), and annexin A2-FLAG and coilin siRNA co-transfected cells (lower panels). Annexin A2overexpressed cells showed reduced CENP-C signals, whereas coilin siRNA co-transfected cells restored the attenuated CENP-C signals. Magnified views are shown in the panels on the right. (b) Relative intensities between CENP-C and DAPI in control, annexin A2-overexpressed, and annexin A2-FLAG and coilin siRNA co-transfected HCT116 cells. Intensities of CENP-C and DAPI staining were analyzed in at least 150 cells using AxioVision software, and relative intensities of CENP-C as compared with DAPI were calculated. (c) Immunostaining of CENP-C in annexin A2-overexpressed mitotic HCT116 cells. Bar, 10 μm. A2 siRNA-treated CaCO2 cells. As expected, the expressions of both CENP-A and -C were increased in the annexin A2-knockdown cells (Figures 7d and e ). The CENP-A and -C mRNA levels did not differ between the annexin A2-knockdown cells and control cells ( Supplementary Figures S7c and d) .
Finally, we examined the endogenous expression levels of CENPs in CIN and MIN cell lines with immunostaining and western blotting. Dot signals for CENP-A and -C and their intensity in immunostaining images were significantly lower in CIN cells than MIN cells (Figure 7f) , and CENP-A and -C expression levels in western blots were greatly reduced in CIN cells compared with MIN cells (Figures 7g and h) . These observations further support the hypothesis that nuclear annexin A2 accumulation is necessary and sufficient for aberrant expression of core CENPs, which would be the fundamental mechanism of CIN.
DISCUSSION
In this study, we found that overexpression of annexin A2 in MIN cells leads to a marked induction of aneuploidy and CIN, whereas repression of annexin A2 expression in CIN cells reduces the characteristic heterogeneity of the chromosome number associated with CIN. Enhanced nuclear annexin A2 levels in MIN cells leads to the scattering of coilin with partial localization to the centromeres in interphase and mitosis. Strikingly, nuclear accumulation of annexin A2 reduced CENP expression. Conversely, knockdown of annexin A2 in CIN cells produced exactly the opposite effect on localization of coilin and CENP expression. The endogenous expression levels of CENPs in CIN cells were also greatly reduced compared with MIN cell lines. Furthermore, the reduction of centromere signals in annexin A2-overexpressed MIN cells was restored by the depletion of coilin. Our results strongly suggest that nuclear localization of annexin A2 impedes centromere function due to aberrant localization of coilin to the centromeres, thereby promoting development of CIN.
CIN has been recognized to occur by chromosome segregation errors, and kinetochore-microtubule attachment error (for example, merotelic attachment) is a common cause of CIN. 17 Perturbation of centromere/kinetochore proteins reduces segregation fidelity due to elevation of kinetochore-microtubule malattachment, and a number of these proteins have been reported to elevate the frequency of merotely and lagging chromosomes in anaphase, such as Kif2b, MCAK, CENP-E, CENP-F, the Ndc80 complex, Aurora B and Sgo2. 36 Some of these proteins have been shown to be mutated or underexpresssed in cancer, whereas others are overexpressed, which is a potential cause of increasing kMT stability. We have also reported that the core kinetochore proteins CENP-A and CENP-H are overexpressed in colorectal cancers, and that ectopic expression of these proteins induces aneuploidy. 19, 20, 37 Thus, appropriate quantities of kinetochore proteins might be crucial for proper chromosome segregation.
Annexins localize primarily in the cytoplasm and have been implicated in a wide variety of general cellular processes, including mitogenic signal transduction, apoptosis and cellular transformation. 22 Although none of the annexins contain nuclear localization signals, the presence of annexins A1, A2, A4, A5 and A11 in the nucleus has been documented. 22 Moreover, annexin A2 has been reported to contain an NES sequence, and the nuclear export inhibitor leptomycin B causes annexin A2 to accumulate in nuclei. 29 Liu et al. 38 showed that nuclear annexin A2 is phosphorylated, and that mutation of serines 11 and 25 in the amino terminus prevents nuclear localization. Our observation that endogenous annexin A2 or exogenously expressed annexin A2-GFP localizes in the nucleus of colon cancer cells after leptomycin B treatment confirms the shuttling of annexin A2 between the cytoplasm and nucleus.
How then does excess annexin A2 in the nucleus contribute to CIN? Previous reports showed that nuclear annexin A2 co-purifies with a primer recognition complex and enhances DNA polymerase alpha activity, suggesting a role for annexin A2 in DNA replication. 23, 24 Tomas et al. 39 showed that annexin 11 has an essential role in the terminal phase of cytokinesis. In this study, we searched for factors that interact with nuclear annexin A2 and identified a major component of CB, coilin. Ectopic expression of annexin A2 in the nucleus induced marked aberrant scattering of coilin and partial localization of coilin to the centromeres in interphase and mitosis. Moreover, the staining intensity of several CENPs was significantly reduced, further supporting the hypothesis that centromeres are damaged upon annexin A2 overexpression.
Previous reports demonstrated that coilin accumulates at the centromere as a result of centromere damage induced by herpes simplex virus type 1 infection, which leads a viral protein, ICP0, a RING finger nuclear protein with E3 ubiquitin ligase activity, to induce proteasomal degradation of CENP-A, -B and -C. 31, 40, 41 Thus, coilin might recruit some as yet unknown E3 ubiquitin ligases to the centromeres and degrade CENPs. In fact, when coilin was depleted in annexin A2-overexpressed HCT116 cells, the expression of CENP-A and -C was restored in these cells (Figure 6a , Supplementary Figure S5a ), indicating that coilin is required for reduced expression of CENPs by annexin A2 overexpression. These results indicate that the presence of coilin at centromeres in annexin A2-overexpressed cells could be the cause of CENPs degradation and not the consequence, unlike what has been previously described for herpes simplex virus type 1-infected cells. The strong interaction between annexin A2 and coilin observed in our experiments suggests that annexin A2 nuclear localization impedes the autointeraction of coilin, localizing coilin to the centromeres and causing centromere damage. The precise mechanism of coilin accumulation at the centromere and the decreased expression of several CENPs awaits further investigation.
CIN has been reported to contribute to cellular resistance to chemotherapeutic drugs. 42, 43 We and others recently reported that annexin A2 overexpression is involved in resistance to chemotherapy in pancreatic and breast cancer cell lines; 44, 45 thus, annexin A2 overexpression may have a role in the acquisition of chemoresistance and contribute to cancer progression by inducing CIN in cancer cells. If this were the case, annexin A2 is a potential therapeutic target for the prevention of chemoresistance and cancer recurrence.
MATERIALS AND METHODS
Cell culture
All colorectal cancer cell lines were purchased from ATCC (Manassas, VA, USA). Leptomycin B was purchased from Wako (Tokyo, Japan).
Plasmid DNA and antibodies
The annexin A2-FLAG and annexin A2 plasmids were generated by PCR amplification of full-length annexin A2 cDNA and cloning into the p3xFLAG-CMV TM -14 vector plasmid (Sigma-Aldrich, St Louis, MO, USA) and pcDNA 3.1(+) (Invitrogen, Carlsbad, CA, USA), respectively. Antibodies against the following proteins were purchased: mouse anti-annexin A2 (BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-lamin A/C (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), mouse anti-GAPDH (Abcam, Cambridge, UK), mouse anti-FLAG (Sigma-Aldrich), rabbit anti-FLAG (DYKDDDDK) (MBL, Nagoya, Japan), mouse anti-coilin (Abcam), mouse anti-CENP-A (MBL) and rabbit anti-CENP-C (Abcam).
Extraction of nuclear protein
Cells (~1 × 10 8 ) were resuspended in 5 ml cold buffer (50 mM phosphate, pH 8.0), 20 mM NaCl, 1 mM DTT, 0.1% NP-40 and protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland), and were allowed to swell on ice for 15 min. Cells were then homogenized using a Dounce homogenizer or vigorously vortexed twice for 15 s, and then centrifuged for 5 min at 100 × g. The pellet was washed twice with the same cold buffer and solubilized in either lysis buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 30 mM Tris-HCl, protease inhibitor cocktail (Roche Diagnostics)) for 2D-DIGE and western blotting or in 50 mM phosphate buffer (pH 8.0), 150 mM NaCl, 1 mM DTT, 0.1% NP-40 and protease inhibitor cocktail for immunoprecipitation, and centrifuged for 10 min at 20 000 × g.
Immunoprecipitation
The nuclear extract was reacted for 1 h at 4°C with Magnosphere MS300/ carboxyl magnetic beads (Cosumo Bio, Tokyo, Japan) precoated with antimouse IgG to reduce nonspecific protein binding and then reacted with anti-FLAG antibody for 1 h at 4°C. After immunoprecipitation, the FLAG beads were washed five times with the same 50 mM phosphate buffer, and bound proteins were eluted with extraction buffer (40 mM Tris-HCl pH 6.8, 1% SDS, 1 mM DTT) for 1 h at 60°C.
Western blotting, immunostaining, FISH and real-time quantitative PCR
Western blotting, immunostaining, FISH and real-time quantitative PCR were performed as described previously. 19, 20 Briefly, nuclear and whole cell extracts were separated by electrophoresis on 10-20% gradient gels (DRC, Tokyo, Japan). Proteins were transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA) in a tank transfer apparatus (Bio-Rad, Hercules, CA, USA), and the membranes were blocked with 0.5% skimmed milk in phosphate-buffered saline. Anti-annexin A2 antibody diluted 1:1000, anti-lamin A/C antibody diluted 1:250, anti-GAPDH antibody diluted 1:100 000, anti-cleaved caspase 3 antibody (Cell Signaling Technology, Danvers, MA, USA) diluted 1:100, anti-cleaved PARP antibody (Cell Signaling Technology) diluted 1:1000, anti-CENP-A antibody diluted 1:1000, anti-CENP-C antibody diluted 1:200, anti-coilin antibody diluted 1:1000, anti-FLAG antibody diluted 1:1000 were used as primary antibodies. Rabbit anti-mouse IgG HRP (DAKO, Glostrup, Denmark) diluted 1:1000, donkey anti-rabbit IgG HRP (Amersham Pharmacia Biotech, Piscataway, NJ, USA) diluted 1:3000 in blocking buffer were used as secondary antibodies. Antigens on the membrane were detected by enhanced chemiluminescence detection reagents (Amersham Pharmacia Biotech). The intensity of each band was measured by Scion Image software. For immunostaining, anti-CENP-A and -CENP-C antibodies were diluted 1:250 and 1:100, respectively. FISH probes to the pericentromeric regions of chromosomes 7, 8, 10, 12, 15 and 17 were purchased from Vysis (Downers Grove, IL, USA). DNA was stained with 100 ng/ml of DAPI (4′-6diamidino-2-phenylindole; Sigma-Aldrich). The stained samples were viewed under an Axio Imager Z1 microscope or LSM510 confocal microscope (Carl Zeiss, Jena, Germany) and the images were captured using AxioVision software and LSM510 softwere (Carl Zeiss). The objective lenses were EC Plan-NEO FLUAR 106/0.3 or 406/1.3 and Plan APOCHRO-MAT 636/1.4. The intensities of annexin A2, CENP-A and CENP-C expression were analyzed using AxioVision software. Pearson's correlation coefficient was calculated using Zen software according to the manufacturer's instructions. The value can range from 0 to 1, with 1 indicating a complete positive correlation and with 0 indicating no correlation. The primer set sequences used in real-time quantitative PCR are listed in Supplementary  Table 1 .
RNA interference experiments
The siRNA duplexes were purchased from Sigma-Aldrich. The target sequences of siRNA are listed in Supplementary Table 1. Agarose 2D-DIGE, GeLC-MS analysis and protein identification Agarose 2D-DIGE was performed as described previously. 46 In-gel tryptic digestion of proteins and subsequent identification by mass spectrometry was performed as described previously. [46] [47] [48] For GeLC-MS analysis, lanes were excised from SDS-polyacrylamide gel electrophoresis gels using razor blades and cut into 5-mm slices. Digested peptides were introduced from a NanoSpace HPLC (Shiseido Fine Chemicals, Tokyo, Japan) to a LTQ XL (Thermo Scientific, San Jose, CA, USA) ion-trap mass spectrometer via an attached PicoTip (New Objective, Woburn, MA, USA). The Mascot search engine (Matrix Science, London, UK) was used to identify proteins. The minimum criterion of the probabilitybased MASCOT/MOWSE score was set at a 5% significance threshold level.
Statistics
All data are shown as means ± s.d. Means were compared using the Wilcoxon-Mann-Whitney test. Po0.05 was considered statistically significant in all the calculations. All data analyses were performed using KaleidaGraph version 4.0 (Synergy Software, Reading, PA, USA).
